Monoclonal antibodies (MAbs) were used to delineate the antigenic relationship between the three morbillivirus types: measles virus (MV), canine distemper virus (CDV) and rinderpest virus (RPV). Panels of six to 31 MAbs against the haemagglutinin (H), fusion (F), nucleocapsid protein (NP), phosphoprotein (P) and matrix (M) proteins of MV and the H, F, NP and P proteins of CDV were employed. Nine strains of MV, three strains of CDV and four strains of RPV were examined by radioimmunoprecipitation assay and immune fluorescence for reactivity with the heterologous MAbs. Overall, the NP and in particular the F proteins of the morbilliviruses showed a high degree of epitopic homology; the P and M proteins showed a partial epitopic homology, with the greatest variation between the M proteins of CDV and MV; the H proteins showed a low degree of epitopic homology and then only between MV and RPV. These data indicate that the major cross-protecting antigen in heterotypic vaccination amongst morbilliviruses is the F antigen. The epitopic relationships found between morbilliviruses as identified by the MAbs were classified as follows. (i) Group-specific epitopes were present on all strains of the three morbillivirus types. (ii) Group-cross-reactive epitopes were present on only some of the strains from each morbillivirus type (these epitopes identified the presence of intratypic strain variation in all proteins of all three virus types). (iii) Type-specific epitopes, i.e. MV unique or CDV unique, were found only on the homologous morbillivirus type. (iv) CDV-RPV intertypic and MV-RPV intertypic epitopes were, respectively, epitopes shared by CDV and RPV but not with any MV strain, and epitopes shared by MV and RPV but not with any CDV strain. These cross-reactivities and type-specific reactions were obtained with the internal viral proteins (M, P and NP). The epitopes of the F proteins were mainly group-specific and no CDV-RPV or MV-RPV intertypic epitopes were found. The epitopes of the H protein were either type-specific or MV-RPV intertypic. These data support the proposed evolutionary relationship between the morbilliviruses.
INTRODUCTION
Measles virus (MV), canine distemper virus (CDV) and rinderpest virus (RPV) are members of the morbillivirus genus of the Paramyxoviridae (Kingsbury et al., 1978 , Matthews, 1982 . The immunological relationship of these viruses has been studied both by cross-neutralization in vitro and cross-protection in vivo, but no coherent picture has emerged from these studies (see Imagawa, 1968; Appel et al., 1981) . Attempts have been made to define the immunological relationship between individual homologous viral proteins by cross-immunoprecipitation using polyvalent antisera. Studies on the antigenic relationship of MV to CDV detected pronounced antigenic differences only between the haemagglutinin (H) protein of measles virus and the equivalent protein in CDV (Stephenson & ter Meulen, 1979; Hall et al., 1980; Orvell & Norrby, 0000-6993 © 1986 SGM 1980 Wild & Huppert, 1980; Shapshak et al., 1982; Russell, 1983) . This is in contrast to peptide mapping techniques which showed marked differences between all of the polypeptides of CDV and MV studied (Hall et al., 1980; Rima et al., 1983) . Many of these differences probably represent the non-antigenic framework regions. Thus, accurate identification of homology between different antigenic regions on morbillivirus proteins requires appropriate immunological tests.
Parallel data on the antigenic relationship of RPV to MV and CDV are more limited. Reports differ on which measles virus and CDV proteins are cross-immunoprecipitated by anti-RPV sera (Stephenson & ter Meulen, 1979; Hall et al., 1980; Sato et al., 1981 ; Russell, 1983) , and to date RPV antigens have been examined in only one study by this method (Sato et al., 1981) .
It is clear from the above that a detailed delineation of the antigenic relationship between the three morbilliviruses was needed. Epitopic analysis using monoclonal antibodies (MAbs) enables a refined determination of the degree of relatedness between homologous polypeptides from closely related viruses or isolates. Such studies have been reported for morbilliviruses, but they have been limited to one-way analyses using usually a small number of anti-MV MAbs and a single CDV or RPV strain (Birrer et al., 1981 ; Giraudon & Wild, 1981 ; Trudgett et al., 1981 ; Sato et al., 1985) . In order to determine the epitopic relatedness of morbilliviruses and isolates more confidently we have examined nine strains of MV, three strains of CDV and four strains of RPV using panels of six to 31 MAbs against the H, fusion (F), nucleocapsid protein (NP), phosphoprotein (P) and matrix (M) proteins of MV and CDV.
METHODS

Virus and cells.
The three strains of CDV studied were Convac (CON), Rockborn (ROC) and Onderstepoort (OND). They have been described previously . Seven of the nine strains of MV studied, i.e. Edmonston diluted passage (EDM/DP), Hu2, Woodfolk (WDF), MVO, Mantooth (MAN), Moraten (MOR) and LEC-KI, have been described previously (Sheshberadaran et al., 1983 ; LEC-KI was referred to as LEC). The other two isolates were the subacute sclerosing panencephalitis derived strains Zistev (ZIS) (from Dr J. Sever, NIH, Bethesda, Md., U.S.A.) and LEC-WI (eight passages in Veto cells; from Dr H. Koprowski, Wistar Institute, Philadelphia, Pa., U.S.A.). All CDV and MV strains were propagated in Vero cells maintained in Eagle's MEM containing 2~ (v/v) foetal calf serum.
The four strains of RPV studied were rinderpest bovine Old Kabete [RBOK, 107 passages in bovine kidney (BK) cells and two passages in Veto cells], rinderpest bovine Tanzania-1 (RBT/1, eight passages in BK cells), rinderpest Oman OX 3 (OMAN, three passages in BK cells and two passages in Vero cells) and rinderpest Yemen C272/81 (YEMEN, three passages in BK cells, one passage through cattle, two passages in BK cells). RPV stocks were prepared at the passages above by infecting 75 cm 2 confluent BK cell monolayers at 10 -2 or 10 -3 dilution depending on the initial infectivity titre of the RPV strain. The infected cells were propagated at 37 °C with rocking using 5 ml Eagle's medium (Glasgow modification) containing 1 ~ (v/v) foetal calf serum. The monolayers were re-fed every second day until viral c.p.e, was observed. Thereafter, the medium was harvested daily for infectious virus until the monolayer was destroyed. Each of these harvestings was assayed for the presence of both infectious and non-infectious particles. Harvests containing the lowest particle/infectivity ratio were used for preparation of radioactive antigens.
Monoclonal antibodies. All the MAbs used in this study (Table 1) with the exception of five anti-measles virus NP MAbs have been described in detail previously (Norrby et al., 1982; Sheshberadaran et al., 1983 Orvell et al., 1985) . Briefly, all anti-measles virus MAbs were raised against the LEC-KI strain except for three anti-H protein MAbs (80 III B2-D, 79 XI C2-D, 79 X V 17-D) and four anti-P protein which were raised against the Edmonston strain; five anti-NP MAbs (AI-B2, R1-B5, R2-B4, R2-C2, R2-C3) were raised against the Hu2 strain. All the non-LEC-KI MAbs reacted with the LEC-KI strain. The anti-CDV MAbs were all raised against the CON strain of CDV.
The minimum number of epitopes ( (Sheshberadaran et al., 1983; . Epitopic grouping of the anti-MV F, M, P and NP MAbs is similarly based on competitive binding assays or differential reactivity with various strains of MV (see Sheshberadaran et al., 1983 . Epitopic grouping of all the anti-CDV MAb panels is based on competitive binding assays (~}rvell et al., 1985) . Epitopic groupings of the MAb panels are referred to as groups in Tables 2 to 8. 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Conditions of RIPA sample preparation and discontinuous slab gel SDS PAGE were as described previously (Sheshberadaran et al., 1983) . The spacer gel consisted of 4.5% (w/v) acrylamide and 0.12% (w/v) N,N'-methylenebisacrylamide (bis) and the separation gel consisted of either l0 or 12.5% (w/v) acrylamide and 0-27 or 0.34% (w/v) his respectively. Gels were fixed in a solution of 10% (v/v) glacial acetic acid and 30% (v/v) methanol, processed for fluorography (Bonnet & Laskey, 1974) using 'Enlightening', dried and exposed to Kodak X-Omat AR-5 films at -70 °C.
Immunofluorescence (IF).
Infected cells on glass slides were fixed in acetone at -20 °C for 10 min and air-dried. IF analysis was performed as described previously (Norrby et al., 1982) .
Isotopes and chemicals. 
RESULTS
The surface glycoproteins
Of the ten anti-MV H protein MAbs, none reacted with any of the CDV strains in RIPA ( Fig.  1 ) or in IF. Similarly none of these MAbs reacted with any of the RPV strains in RIPA. However, by IF some of these MAbs did react with the RPV strains and epitopic differences in the H protein could be detected between some RPV strains ( Table 2) . Of the nine anti-CDV H protein MAbs none reacted with any of the MV or RPV strains in either RIPA or IF.
In contrast to the H protein, a high degree of cross-reactivity was found by RIPA and IF between the F proteins of CDV, MV and RPV strains (Table 3 ; RIPA exemplified for CDV, Fig. 1 ). Using the anti-MV F protein MAbs, CDV and RPV F proteins exhibited some epitopic differences from MV F and also showed small differences from each other. A limited difference between strains of each virus was also detected. Similarly, the anti-CDV F protein MAbs showed that MV and RPV F proteins were slightly different from CDV F, and strains within a virus type could also show minor differences.
The matrix protein
As no anti-CDV M protein MAbs were available, only a one-way analysis could be carried out using the nine anti-MV M protein MAbs. Reactivity in IF was not examined. By RIPA, the M proteins of the CDV strains had different degrees of homology to the M protein of MV (Table 4 ReactivityofCDVsurfacecomponentswithanti-MVF(lanes3to l l ) a n d a n t i -M V H ( l a n e s 13 to 15) MAbs. OND strain with none of the nine anti-MV M protein MAbs. A partial epitopic homology also was found by RIPA between the M protein of the four RPV strains and MV (Table 4) , however, no epitopic difference could be detected between different RPV strains. The epitopes shared by the RPV and MV strains were not always the same as those shared by MV and CDV.
The phosphoprotein
In RIPA, none of the six anti-MV P protein MAbs reacted with the CDV strains and only one MAb reacted with the RPV strains, although in IF two MAbs reacted weakly with the CDV strains and strongly with the RPV strains (Table 5) .
A similar situation was found using the 17 anti-CDV P protein MAbs. In RIPA only one reacted weakly with the MV strains and strongly with the RPV strains, whereas in IF additional reactivity occurred with some MAbs (Table 6 ). The anti-CDV P protein MAbs also detected some strain-specific differences among the MV strains as well as the RPV strains in IF (Table 6 ).
The nucleocapsid protein
The cross-reactivity of the 31 anti-CDV NP MAbs with the RPV and MV strains is shown in Table 7 . Taking the RIPA and IF patterns of cross-reactivity together, four major classes of NP epitopes emerged. Of the 31 anti-CDV NP MAbs, seven cross-reacted with all RPV and measles 
* Grading of reactivity: +, distinct; +w, weak; -, none. ~" IF reactivity was examined only in selected cases and is shown in parentheses.
:~ NT, Not tested.
virus strains (Class A), 12 cross-reacted with some but not all heterologous virus strains (Class B), five cross-reacted with all or some RPV strains but not with any measles virus strain (Class C) and seven did not cross-react with any of the heterologous virus strains (Class D).
A parallel cross-reactivity pattern was found using the anti-measles virus NP MAbs (Table 8) . Of the nine anti-measles virus NP MAbs, two cross-reacted with all RPV and CDV strains (Class A), one cross-reacted with some but not all heterologous virus strains (Class B), three cross-reacted with only some RPV strains but not with any CDV strain (Class C) and three did not cross-react with any heterologous virus strain (Class D).
DISCUSSION
In this study, panels of MAbs against MV and CDV structural polypeptides were used to investigate the antigenic relationship between the three morbilliviruses MV, CDV and RPV. MAb cross-reactivities with the heterologous virus strains were assayed by both radioimmunoprecipitation assay and immunofluorescent antibody binding to reduce assay bias in assessing t Class no.
A Table 7 . epitopic homology. Differential assay reactivity in such comparative studies has been discussed in detail previously (Yewdell & Gerhard, 1981 ; Sheshberadaran et al., 1983 ; Underwood, 1985) .
Reactivity of anti-CDV NP MAbs with RPV and MV strains in
Of the five structural proteins studied, the H protein was found to be the most distinct between the morbilliviruses. No epitopic relationship was seen between MV and CDV or CDV and RPV, but six epitopes related between MV and RPV were found. These six anti-MV H protein MAbs would not immunoprecipitate the cross-reactive RPV protein, suggesting that either RPV exhibited a lower density of these epitopes than MV or the affinity of the MAbs was lower for RPV than for MV. Some of the RPV isolates also showed strain-specific variations in reactivity with the anti-MV H protein MAbs. Such strain-specific variations in the H proteins of MV and CDV have been reported previously, in studies on the homologous virus strains using these MAbs (Sheshberadaran et al., 1983; Orvell et al., 1985) .
The above data support previous studies which reported weak or no cross-immunoprecipitation of CDV and MV H protein by the respective antisera (Stephenson & ter Meulen, i979; Hall et al., 1980; Orvell & Norrby, 1980; Wild & Huppert, 1980; Russell, 1983) . Furthermore, the closer homology between the H proteins of MV and RPV supports previous studies on anti-MV haemagglutination inhibiting (HI) activity in anti-RPV and anti-CDV sera (Waterson et al., 1963; Orvell & Norrby, 1974; Sato et al., 1981) . Anti-RPV sera were shown to possess low levels of anti-MV HI activity but the levels were consistently higher than that observed in anti-CDV sera.
In contrast to the H protein, there was considerable epitopic relatedness between the F proteins of the three morbilliviruses. In fact, the F proteins showed the highest degree of epitopic conservation of all the structural proteins studied. Only one epitope on the CDV F protein, and none on MV F protein, was found to be unique to the homologous virus. This relative epitopic conservation of the F proteins agrees with earlier serological studies (Orvell & Norrby, 1974; Norrby & Appel, 1980; Sato et al., 1981) , but is in contrast to the report of Hall et al. (1980) who found very little similarity between the F1 components of F of a CDV and a measles virus strain using tryptic peptide fingerprinting. It is important to note that biochemical methods such as tryptic peptide or oligonucleotide fingerprinting would show all sequence changes including those which may be of little or no importance to the antigenic characteristics of the viral protein under study (framework region changes). Only those alterations in a viral protein which affect its antigenicity will be relevant to the immunobiology of the disease associated with that virus, and consequently play important roles in homo-and heterotypic vaccination. Furthermore, other factors (see below) such as minor strain-specific variations would further complicate interpretation of the data obtained by the biochemical approaches mentioned above.
Recently, Appel et al. 0984) proposed that the F protein of MV was primarily responsible for cross-protection in dogs. The proposal was based on the anamnestic MV haemolysin-inhibiting antibody response seen in dogs vaccinated with live MV and challenged with virulent CDV. The data from the present study support this observation, and further indicate that the major crossprotecting antigen between all three morbilliviruses is probably the F protein. It is possible that mice will recognize a different spectrum of sites on the virion as antigenic compared with humans (MV), dogs (CDV) or cattle/sheep (RPV). However, post-infection cattle sera have been shown by competition ELISA to have antibody specificities similar to anti-RPV MAb (T. Obi & K. C. McCullough, unpublished data) .
The epitopic conservation of the F protein compared with the marked variability of the H protein between morbilliviruses probably reflects functional pressures operative during their evolution. As the H protein's primary function is cell receptor binding, its characteristics will therefore be most closeIy related to the effective infectivity and host specificity of the virus. In contrast, the function of F protein-associated fusion activity in cell-to-cell spread of virus infection and consequently in pathogenesis in vivo, may represent the common positive selection pressure on this protein in all morbilliviruses.
As no anti-CDV M protein MAbs were available, only a one-way analysis of CDV and RPV strains using nine anti-MV M protein MAbs was carried out. The M proteins of CDV and RPV were found to be partially homologous to that of MV. Although the four RPV strains showed the same epitopic homologies to MV, the three CDV strains showed a high degree of variation; only the ROC strain and in particular the CON strain showed epitopic homologies with MV M protein. Previously it has been shown that a high degree of epitopic variation exists among the M proteins of different strains of MV (Sheshberadaran et al., 1983 ). It appears that a similar situation exists among strains of CDV but not with RPV. Although both MV and CDV can cause chronic neurological diseases in their natural hosts, which at least in the case of the MVassociated subacute sclerosing panencephalitis is thought to involve an abnormal M protein, no such disease has been found to date involving RPV (see Appel et al., 1981 ; ter Meulen & Carter, 1982) . However, this may be due to the shorter life-span of European cattle because of agricultural practices. More conclusive results might be obtained from cattle exposed to RPV in Africa, where they are kept alive much longer. Furthermore, confirmation of a high degree of epitopic variation in the M protein as a common property of MV and CDV strains not shared by RPV strains must await generation of anti-CDV and anti-RPV M protein MAbs.
The P proteins of the three morbilliviruses appeared to be epitopically quite distinct. Out of six anti-MV P and 17 anti-CDV P protein MAbs, only one MAb from each panel cross-reacted with heterologous viruses in RIPA, although by IF some additional cross-reactivity was observed. Overall, three P protein epitopes were cross-reactive between the three morbilliviruses, of which one was found on all strains of all viruses. The other two were found on some but not all strains of each virus, indicating the occurrence of strain-specific variation.
The NP proteins of the three morbilliviruses were more conserved than either the H, M or P proteins, but the viruses could still be distinguished easily and a number of strain-specific variations were detected in all three viruses. In a recent study the amino acid sequences (deduced from the nucleotide sequences) of the NPs of MV and CDV have been compared (Rozenblatt et al., 1985) . It was seen that a stretch of about 100 amino acids at the carboxy end showed only chance homology while the sequence of the rest of the NP of the two viruses (about 400 amino acids) showed moderate to high homology. This observation led the authors to propose that shared as well as unique epitopes must exist on the NPs of the two viruses. The results of the present study confirm and extend this proposal. Amongst others, virus group-specific, virus group-cross-reactive and virus type-specific epitopes could be delineated for the NPs of the morbilliviruses. These epitope groupings are described in detail below.
In previous studies characterizing the MAbs using homologous virus systems it was shown that in IF some of the anti-CDV NP MAbs stained cytoplasmic inclusions only, whereas others stained both nuclear and cytoplasmic inclusions . The anti-MV NP MAbs characterized previously by Norrby et al. (1982) stained both nuclear and cytoplasmic inclusions, but some of the additional anti-measles NP MAbs used in this study stained only cytoplasmic inclusions in the homologous virus system. In cross-reactivity IF studies with heterologous morbilliviruses, all the anti-NP MAbs were seen to maintain their respective (i.e. cytoplasmic only or nuclear plus cytoplasmic staining) specificities. The occurrence of antigenically differentiable nuclear and cytoplasmic forms of NP is therefore common to CDV, MV and RPV.
In summary, the F and NP proteins of morbilliviruses show a relatively high degree of epitopic homology; the P and M proteins show a partial degree of epitopic homology, with the latter showing greater variation when CDV and MV are compared; the H proteins show a very low degree of epitopic homology, and then only between MV and RPV. The data indicate that the epitopes on the structural proteins of the three morbilliviruses can be antigenically grouped in relation to each other as follows (examples refer to the NP). (i) Virus group-specific epitopes, i.e. epitopes present on all strains of all three morbillivirus types (Class A, Tables 7 and 8 ).
(ii) Virus group-cross-reactive epitopes, i.e. epitopes present on some strains of each of the three morbillivirus types (Class B, Tables 7 and 8 ). The majority of the strain-specific variation fell within this class. (iii) Virus type-specific epitopes, i.e. epitopes unique to MV only or CDV only (Class D, Tables 7 and 8 ). (iv) CDV-RPV intertypic epitopes, i.e. epitopes recognized by anti-CDV MAbs which are shared by CDV and RPV but not with any MV strain (Class C, Table 7 ). (v) MV-RPV intertypic epitopes, i.e. epitopes recognized by anti-MV MAbs which are shared by MV and RPV but not with any CDV strain (Class C, Table 8 ).
The MAb cross-reactivities obtained for all the viral proteins with one exception fell into the epitopic classes defined above. The exception was the M protein which was the only protein to exhibit a small number of MV-CDV intertypic epitopes, i.e. epitopes shared by MV and CDV and not found on any RPV strain.
Based on the cumulative IF data, details of which are included in this report, we have previously proposed an evolutionary relationship between MV, CDV and RPV . The present greatly extended study supports this proposal, which is that RPV is the archevirus from which CDV and MV evolved. That the H proteins of MV and RPV showed greater epitopic homology than the H protein of MV and CDV or CDV and RPV, was taken to indicate that CDV branched from RPV earlier than MV and has consequently evolved a more distinct H protein. It will be of interest to see by similar analyses where the fourth member of the morbillivirus genus, peste des petits ruminants virus, which is thought to have arisen more recently fits into this evolutionary scheme.
